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1
METHODS AND SYSTEMS FOR USING
ACTUATED SURFACE-ATTACHED POSTS
FOR ASSESSING BIOFLUID RHEOLOGY

PRIORITY CLAIM

This application is a divisional of U.S. patent application
Ser. No. 13/380,564, filed Mar. 2, 2012, which is a national
stage application under 35 U.S.C. §371 of PCT Patent Appli-
cation No. PCT/US2010/040011 filed Jun. 25, 2010, which
claims the benefit of U.S. Provisional Patent Application Ser.
No. 61/220,563, filed Jun. 25, 2009; and which claims the
benefit of U.S. Provisional Patent Application Ser. No.
61/234,177, filed Aug. 14, 2009; the disclosure of each of
which is incorporated herein by reference in its entirety.

GOVERNMENT INTEREST

This invention was made with government support under
Grant No. CMS-0507151 awarded by the National Science
Foundation and Grant No. EB002025 awarded by the
National Institutes of Health. The government has certain
rights in the invention.

TECHNICAL FIELD

The subject matter described herein relates to methods and
systems for measuring physical properties of biofluids using
surface-attached actuated microposts. More particularly, the
subject matter described herein relates to methods and sys-
tems for using surface-attached actuated microposts for
assessing biofluid rheology.

BACKGROUND

The viscoelasticity of biofluids, such as blood clots or
mucus, is critical to their performance. Measurement of vis-
coelastic properties of these fluids can provide valuable infor-
mation to medical professionals to aid in the diagnosis and
treatment of patients. For example, the speed and strength at
which a blood clot forms may be affected by genetics, illness,
medication, or environment. Analyzing the physical proper-
ties of a blood clot may provide important information that is
useful in determining how well a treatment is working or is
likely to work, or perhaps that a treatment intervention is
necessary.

Currently, clot elasticity is measured either at the point of
care (POC), usually accompanying surgery, or within an ana-
Iytical lab setting. Techniques for understanding clot vis-
coelasticity in a point of care system use several different
strategies. One technology employs flow through a tube that
is monitored in some way, such as by an optical detection.
Another technology uses magnetic beads that become sus-
pended in the developing clot, and the beads are caused to
move through the application of a magnetic field. The detec-
tion of the moving beads is performed by optics, and the
cessation of the bead movement is an indication that the clot
has formed.

In an analytical lab setting, techniques such as throm-
boelastography (TEG) can test the efficiency of coagulation
in the blood. TEG uses a macroscopic quantity of specimen
and measures the viscoelasticity by moving two surfaces with
respect to each other in shear. The geometry is usually that of
concentric cylinders. Similar techniques are used for measur-
ing the viscoelasticity of other biofluids such as mucus.

There are disadvantages associated with the current meth-
ods of testing rheological properties of biofluids. Laboratory
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techniques such as TEG are not implemented as high-
throughput instruments, so tests must be performed essen-
tially one at a time. Point of care technologies are not as
sensitive or quantitative as laboratory tests and so cannot
replace laboratory analysis. In addition, macroscopic quanti-
ties of specimens are generally needed for laboratory analy-
sis.

Accordingly, in light of these disadvantages associated
with biofluid rheology techniques, there exists a need for
methods and systems for using surface-attached actuated
microposts for assessing biofluid rheology.

SUMMARY

According to one aspect, the subject matter described
herein includes a method that includes placing the specimen
onto a micropost array having a plurality of microposts
extending outwards from a substrate, wherein each micropost
includes a proximal end attached to the substrate and a distal
end opposite the proximal end, and generating an actuation
force in proximity to the micropost array to actuate the micro-
posts, thereby compelling at least some of the microposts to
exhibit motion. The method further includes measuring the
motion of at least one of the microposts in response to the
actuation force and determining a property of the specimen
based on the measured motion of the at least one micropost.

According to another aspect, the subject matter described
herein includes a system for measuring a property of a biof-
Iuid specimen which includes a micropost array having a
plurality of microposts extending outwards from a substrate,
an actuation unit for generating an actuation force in proxim-
ity to the micropost to compel at least some of the microposts
to exhibit motion, a motion detection unit for measuring the
motion of at least one of the microposts exhibiting motion,
and a processing unit for determining a property of the speci-
men based on the measured motion of the microposts.

According to another aspect, the subject matter described
herein includes a method of fabricating a micropost array that
includes depositing, into at least some pores of a substrate, a
material which has at least one of a metallic, magnetic, ther-
mal, optical, and ferroelectric characteristic. The method fur-
ther includes filling the pores with a curable material that is
flexible when cured, such that the curable material intercon-
nects the pores along at least one planar surface of the sub-
strate. The method further includes curing the material and
removing the substrate to form the micropost array.

According to another aspect, the subject matter described
herein includes a method of fabricating a micropost array that
includes filling a plurality of vertically-aligned pores in a
substrate with a curable material that is flexible when cured.
The curable material includes a plurality of nanoparticles.
The method further includes applying a force to draw the
nanoparticles in one direction within the pores such that the
distribution of nanoparticles is non-uniform. The method fur-
ther includes curing the curable material and removing the
substrate to form the micropost array.

The subject matter described herein for using surface-at-
tached actuated microposts for assessing biofluid rheology
may be implemented in hardware, software, firmware, or any
combination thereof. As such, the terms “function” or “mod-
ule” as used herein refer to hardware, software, and/or firm-
ware for implementing the feature being described. In one
exemplary implementation, the subject matter described
herein may be implemented using a computer readable
medium having stored thereon computer executable instruc-
tions that when executed by the processor of a computer
control the computer to perform steps. Exemplary computer
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readable media suitable for implementing the subject matter
described herein include non-transitory computer-readable
media, such as disk memory devices, chip memory devices,
programmable logic devices, and application specific inte-
grated circuits. In addition, a computer readable medium that
implements the subject matter described herein may be
located on a single device or computing platform or may be
distributed across multiple devices or computing platforms.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the subject matter described
herein will now be explained with reference to the accompa-
nying drawings, wherein like reference numerals represent
like parts, of which:

FIGS. 1A and 1B are diagrams illustrating an exemplary
method for fabricating a micropost array according to an
embodiment of the subject matter described herein;

FIG. 1C is a diagram illustrating another exemplary fabri-
cation method for fabricating a micropost array according to
an embodiment of the subject matter described herein;

FIG. 2 is ablock diagram illustrating an exemplary method
of fabricating a micropost array according to an embodiment
of the subject matter described herein;

FIG. 3 is a diagram of an exemplary micropost array
according to an embodiment of the subject matter described
herein;

FIG. 41is a block diagram illustrating an exemplary point of
care system according to an embodiment of the subject matter
described herein;

FIG. 5 is a block diagram illustrating an exemplary high-
throughput screening system according to an embodiment of
the subject matter described herein;

FIG. 6 is a diagram of an exemplary multiwell plate accord-
ing to an embodiment of the subject matter described herein;

FIG.7A is a diagram depicting exemplary separation of the
exciter assembly from the multiforce plate of a multiforce
high-throughput system according to an embodiment of the
subject matter described herein;

FIG. 7B is a diagram illustrating a cross-section view of a
multiforce high-throughput screening system according to an
embodiment of the subject matter described herein;

FIG. 8A is a diagram illustrating selectively exciting a
single well of'a multiforce plate according to an embodiment
of the subject matter described herein;

FIG. 8B is a diagram illustrating operation of a multiforce
high-throughput screening system according to an embodi-
ment of the subject matter described herein;

FIGS. 9A and 9B are diagrams of exemplary arrays of
field-forming poles suitable for use with embodiments of the
subject matter described herein;

FIG. 10 is a diagram of a magnetic core of an exciter
assembly suitable for use with embodiments of the subject
matter described herein; and

FIG. 11 is a flow chart illustrating an exemplary process for
determining physical, chemical, or rheological property of a
specimen according to an embodiment of the subject matter
described herein.

DETAILED DESCRIPTION

In accordance with the subject matter disclosed herein,
systems, methods, and computer readable media are provided
for methods and systems for using actuated surface-attached
posts to assess biofluid rheology. The subject matter disclosed
herein is directed to the application of an applied force, such
as an electric, magnetic, thermal, or sonic force, to flexible
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microposts of a micropost array, where the array is made up at
least in part of an elastic material, such as an elastomer. The
viscoelastic properties of a biofluid specimen may be mea-
sured by placing the biofluid on or near such microposts, and
applying an actuating force to the microposts. The subject
matter further includes measuring the movement, or change
in movement over time, of the microposts. Microposts of a
micropost array may be located, for example, in a multiwell
plate for high-throughput applications, on a tab to be used
with a point of care device, or in a format appropriate for a
bench-top laboratory device.

There are many possible embodiments that fall within the
scope of the present subject matter. The broader inventive
concept will now be discussed, as a basis for detailed embodi-
ments to follow. Embodiments of the present subject matter
are based on the detection and measurement of movement
exhibited by microposts in a micropost array on which a
specimen of interest is placed and an actuation force is
applied. The detected movement may then be analyzed to
obtain the desired information about the specimen.

For example, one exemplary method of the present subject
matter includes placing a biofluid specimen, such as blood,
onto a micropost array having a plurality of flexible micro-
posts extending outwards from a substrate base.

The term “micropost array” is herein used to describe an
array of small, posts, extending outwards from a substrate,
that typically range from 1 to 100 micrometers in height. In
one embodiment, microposts of a micropost array may be
vertically-aligned. Notably, each micropost includes a proxi-
mal end that is attached to the substrate base and a distal end
or tip that is opposite the proximal end. The term “biofluid” is
used herein to refer to any fluid created by the body, including
but not limited to blood, mucus (e.g. sputum, ocular fluid,
sinus fluid, and cervical fluid), synovial fluid, pus, and excre-
tions resulting from burns.

Oncethe biofluid specimen is in place, an actuation force is
generated in proximity to the micropost array that compels at
least some of the microposts to exhibit motion. As used
herein, the term “actuation force” refers to the force applied to
the microposts. For example, the actuation force may include
a magnetic, thermal, sonic, or electric force. Notably, the
actuation force may be applied as a function of frequency or
amplitude, or as an impulse force (i.e., a step function). Simi-
larly, other actuation forces may be used without departing
from the scope of the present subject matter, such as fluid flow
across the micropost array.

As the microposts exhibit motion in response to the actua-
tion force, the motion of the microposts may be measured or
detected. The motion detection system may be configured to
measure the motion of individual or specific microposts,
groups of microposts, or all the microposts. The means for
detecting and measuring this micropost behavior may include
an optical, magnetic, sonic, or electrical tracking system.
These detection systems are described in greater detail below.

Lastly, after the motion of the microposts has been mea-
sured, the measurement data is provided to a processing unit
that processes the data in order to determine at least one
property of the specimen based on the measured motion. For
example, as a blood specimen begins to clot, the motion of the
microposts becomes restricted, and the resulting measure-
ments may be used to determine clotting time.

Exemplary properties of a biofluid specimen may include
clotting characteristics, chemical properties, rheological
properties, physical properties, and the like. In one embodi-
ment, the processing unit may be configured to use existing
clot measurement assays, including, but not limited to, PT,
PTT, APPT, and INR assays, to determine clotting character-
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istics of a biofluid specimen (i.e., blood). The processing unit
may also or alternatively be configured to determine the clot-
ting time of blood, as described above, or the breakdown time
of'a blood clot (i.e. measurements over a period of time). In
another embodiment, particularly where the motion of a par-
ticular micropost or group of microposts was measured, the
processing unit may be configured to use the micropost
motion measurement data to determine the heterogeneity of
the specimen. Other embodiments may determine, for
example, the effect of a drug on a specimen or may detect the
presence of DNA in a sample. Notably, data of this type has
many practical uses, such as for detecting diseases or pre-
scribing medication based on the rheological properties of the
biofluid specimen. Similarly, the processing unit may be used
as a chemical sensor by adding a reagent or enzyme to the
microposts.

Materials used to fabricate the micropost array may vary.
The micropost array includes at least some elastic material,
e.g. an elastomer, to allow for the reactive motion of the
microposts. The microposts themselves may be entirely or
partially made up of an elastomer on either a flexible or
non-flexible substrate material. Alternatively, the microposts
may be made up of a non-flexible material, so long as the
substrate base material is elastic, to allow the microposts to
move in response to the specimen and the applied force. A
micropost array as described herein may be considered bio-
mimetic cilia, i.e. an array of silicone-formed structures that
resembles biological cilia.

In one embodiment, the elastomer composing the micro-
post may include nanoparticles of various materials dispersed
throughout, which allows for the fine-tuning of properties of
the microposts for particular applications. As used herein,
nanoparticles include, but are not limited to metallic, ferro-
magnetic, ferroelectric, thermal, or optical particles. Further-
more, nanoparticles suspended in the micropost material may
be non-uniformly distributed throughout the microposts,
such that a higher concentration of particles may exist on one
side, or end, of the microposts. Alternatively, the microposts
may be fabricated to include a piece of a solid material, such
as a rod or a shell, which may extend for the full height of a
micropost or only a portion of the height of a micropost.
Additional embodiments may include the coating of the
microposts after array fabrication, which may be applied
obliquely to coat one side of the microposts, particularly for
thermal actuation methods.

The term “ferromagnetic” is used herein to refer to any
magnetic material, including but not limited to ferromag-
netic, diamagnetic, paramagnetic, super-paramagnetic, ferri-
magnetic and ferrofiuid materials. Likewise, the term “fer-
roelastomer” is used herein to refer to an elastomer having
any type of magnetic nanoparticles dispersed throughout,
regardless of how the nanoparticles are bonded to the elas-
tomer, and including but not limited to ferromagnetic, para-
magnetic and super-paramagnetic particles. The term “ferro-
electric” is used herein to refer to any dielectric material,
including but not limited to piezoelectric, pyroelectric, and
paraelectric materials.

The material selected for the micropost depends on the
intended use of the micropost array, particularly with respect
to the actuation method, i.e. the nature of the force to be
applied to the microposts. When applying an electrical force,
i.e. an electric actuation method, properties of the micropost
material to consider include the dielectric constant, polariz-
ability and charge of the material. For a magnetic actuation
method, i.e. where a magnetic force is applied, significant
properties of the micropost material include permeability and
hysteresis.
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Properties of the micropost material to consider for a ther-
mal actuation method include the thermal expansion coeffi-
cient, absorbance and heat capacity of the material. When
microposts are actuated by flow, i.e. a fluid is flowed across
the microposts and the resultant post deflection is measured,
factors to consider include the geometry (diameter and
length) and elastic properties of the microposts.

Detection mechanisms for measuring movement of the
microposts may also vary and typically depend on the fabri-
cation material of the micropost array. Detection mechanisms
may include, but are not limited to, magnetic, optical, sonic,
or electric detection systems or devices. In one embodiment,
a magnetic detection means would include magnetic material
in the microposts, and may utilize pickup coils, microelec-
tromechanical (MEM) systems, or solid state devices and
systems. Similarly, in one embodiment, an optical detection
means would include optical material in the microposts, i.e.
materials or particles having optical properties including, but
not limited to, absorptive, reflective, or scattering properties,
in order to measure the reflection, transmission, or scattering
of light as the microposts move, particularly when the micro-
posts have been fabricated to include reflective material on
their tips and/or lateral sides. In one embodiment, optical
detection means may include an imaging system, a scattered-
light measuring system, a reflected-light measuring system,
or a transmitted-light measuring system. Sonic and electric
detection methods may operate in similar manners. Detection
and measurement of micropost movement may vary in
coarseness. Namely, measurements may be performed on one
or more individual microposts, a group of microposts, or all
microposts associated with a particular specimen.

Regardless of the specific detection mechanism used in a
given embodiment of the present subject matter, the detection
mechanism is configured to measure the amplitude and phase
of the micropost motion. In one embodiment, changes in
amplitude or phase may be measured as a function of fre-
quency. As the microposts oscillate in response to an applied
actuation force, changes in amplitude or phase may be used to
determine properties of the specimen being analyzed. A pro-
cessing unit may be used to calculate, based on the measured
motion of the microposts, a variety of properties of a biofluid
specimen. For example, one such property may include clot-
ting time, if the biofluid specimen is blood. The present sub-
ject matter may also be used for linear or non-linear rheology
or for chemical sensing. When used for chemical sensing, a
substance such as an enzyme, chemical, or drug may be
applied to the microposts and/or the specimen surrounding
the microposts, and the response of the specimen may be
determined by measuring the motion of the microposts.

Reference will now be made in detail to exemplary
embodiments of the present subject matter, examples of
which are illustrated in the accompanying drawings. Wher-
ever possible, the same reference numbers will be used
throughout the drawings to refer to the same or like parts.

FIGS. 1A and 1B are diagrams illustrating an exemplary
two-phase method for fabricating a micropost array accord-
ing to an embodiment of the subject matter described herein.
Phase 1 of an exemplary photolithographic fabrication
method is illustrated in FIG. 1A. In step 1, silicon substrate
100 is coated with photoresist 102 and masked with mask
104, which may be a quartz mask with chrome features. Mask
104 defines the diameter and spacing for magnetic posts in the
array. The masked photoresist is exposed to ultraviolet (UV)
rays 106 and rinsed with commercial developer to remove the
uncross-linked photoresist. In step 2, the uncovered areas of
silicon substrate 100 are then etched. In one embodiment, the
etching is conducted using a deep reactive ion etcher (DRIE)
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that creates a plurality of pores (as defined by the previously
used mask) within the substrate. The depth of the etched pores
defines the height of the microposts. In one embodiment, the
depth of each of the etched pores is between six and twenty-
five microns. In step 3, a ferromagnetic material (e.g., iron) is
deposited onto the DRIE-etched silicon substrate 100. In one
embodiment, iron layer 108 may be deposited using a plasma
vapor deposition system or some other deposition technique.
In one embodiment, iron layer 108 may be between one-third
and one-halfthe height of the post, i.e. one-third to one-halfof
the depth of the etched pores. Subsequently, the remaining
(cross-linked) photoresist 102 is removed, thereby also
removing the undesired iron from the surface of substrate
100.

Phase 2 of the exemplary photolithographic fabrication
method is illustrated in FIG. 1B. In step 4, silicon substrate
100, now etched to have a plurality of pores having iron
deposited therein, is again coated with photoresist 102. Mask
110, which may also comprise a chrome mask, is then applied
to photoresist-covered substrate 100 and photoresist layer
102 is exposed to UV rays 106. Uncross-linked photoresist is
then removed using a commercial developer. Mask 110,
which differs from mask 104, defines the diameter of the
micropost material surrounding the deposited iron in mag-
netic microposts. Mask 110 also defines the diameter and
spacing of non-magnetic microposts, i.e. mask 110 widens
the pores around the deposited iron and creates new pores for
microposts that will not be magnetic. In one embodiment, all
microposts include deposited magnetic material. In another
embodiment, some microposts of the micropost array do not
include magnetic material. Using this exemplary method of
fabrication, the location, arrangement, and number of micro-
posts that will respond to an actuation force can be designed
or controlled. In step 5, the exposed silicon from silicon
substrate 102 is again etched (e.g., using DRIE) to the same
depth as in phase 1. The remaining photoresist may be
removed. In step 6, the newly created and widened pores are
filled with uncured micropost material 112, such as polydim-
ethylsiloxane (PDMS). The PDMS-filled silicon substrate
100 is then cured. In one embodiment, the substrate is cured
at eighty degrees and for one hour. In step 7, the cured PDMS
micropost array 114 is removed from silicon substrate 100.
Micropost array 114 may be removed, for example, by gently
peeling the cured PDMS off of silicon substrate 100 or by
using a solution to specifically etch away the silicon, leaving
behind only micropost array 114. For example, micropost
array 114 is depicted in FIG. 1B as having a plurality of
flexible, attached microposts, wherein at least some micro-
posts contain a single piece of embedded iron essentially at
the distal ends or tips.

In an alternate embodiment, a material such as a thin poly-
carbonate sheet may be used to mold the microposts rather
than using a silicon substrate. Namely, only one photolitho-
graphic mask is used to define the size of the magnetic rod
within each micropost. In this embodiment, all of the micro-
posts of micropost array 114 include magnetic material. The
fabrication process for this embodiment essentially follows
the steps of phase 1 of the fabrication process illustrated in
FIG. 1A, However, in this embodiment, prior to iron deposi-
tion, holes in the polycarbonate sheet may be backed with a
material, such as silver, which may be deposited, for example,
using a pulsed laser deposition system. The iron is then
deposited and the remaining photoresist is removed in the
same manner as described above. Phase 2 of this embodiment
varies slightly from that described above in that additional
pores are not created, i.e. there is no second mask, and the
micropost array will only contain magnetic microposts rather
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than a combination of magnetic and non-magnetic micro-
posts. The polycarbonate pores, each containing iron depos-
its, may then be widened by etching (e.g., using 4M sodium
hydroxide). The widened pores are then filled with PDMS
and cured as described above. After curing, the silver backing
may be removed. In one embodiment, the silver backing is
removed using a 50% nitric acid wash. The micropost array
may then be removed from the polycarbonate sheet. For
example, the array may be removed by using dichlo-
romethane to dissolve the polycarbonate, which thereby
releases the array.

In an alternate embodiment, magnetic material may be
deposited along the sidewalls of the pores to form a shell-like
structure within the pore, using electrochemical deposition
techniques. An exemplary fabrication process is illustrated in
FIG. 1C. In step 1, silicon substrate 100 is coated with pho-
toresist 102 and then masked with mask 116. In one embodi-
ment, mask 116 is a quartz mask with chrome features. Mask
116 defines the diameter and and spacing for all posts in the
array. The masked photoresist is exposed to UV rays 106 and
rinsed with commercial developer to remove the uncross-
linked photoresist. In step 2, the uncovered areas of silicon
substrate 100 are then etched, preferably with deep reactive
ion etcher (DRIE), to create a plurality of pores within the
substrate. The depth of the etched pores will determine the
height of the microposts. In step 3, a magnetic material (e.g.,
nickel) is deposited into at least some of the DRIE-etched
pores in silicon substrate 100 and the remaining (cross-
linked) photoresist 102 is removed. Nickel layer 118 may be
deposited using electrochemical deposition. Nickel layer 118
may line the sidewalls of the pores for the full height of the
pores or may be selectively deposited only on, for example,
the bottom half of the pore’s sidewalls. Once the magnetic
material has been deposited in the desired thickness and
height, the pores are filled with curable micropost material
112 and cured in step 4. In step 5, the cured micropost array is
removed from substrate 100, as described above in the
description of FIG. 1B.

FIG. 2 is a diagram illustrating another exemplary method
of fabricating a micropost array according to an embodiment
of'the subject matter described herein. In addition to a micro-
post array having some or all microposts including a single
piece of ferromagnetic material, a micropost array may also
be fabricated wherein the ferromagnetic material is deposited
into the uncured micropost material, such as PDMS, prior to
array formation. In such an embodiment, the ferromagnetic
material may be in the form of particles, rods, dots, beads,
etc., such that the microposts will be made up of a composite
ferroelastomer. Membrane 200 is a membrane having a plu-
rality of pores. Membrane 200 may serve as a template or
mold for micropost array fabrication and may be for example,
a track etched membrane. In step 1, membrane 200 is filled
with a ferroelastomer material 202, which may be a ferro-
magnetic-PDMS composite. In step 2, ferroelastomer 202 is
cured. If ferroelastomer 202 is cured without further process-
ing, the ferromagnetic particles in the ferroelastomer will
have a substantially uniform distribution in each of the result-
ing microposts. However, in order to increase the ability of a
magnetic force to effect movement of each of the microposts,
the ferromagnetic particles may be drawn to the top of each of
the pores using a magnetic force (not shown) prior to or
during the curing process. Each of the resulting microposts
will have a higher concentration of ferromagnetic material in
the distal end or tip that is not attached to the substrate. As a
result, when the microposts are actuated using an applied
magnetic field, the resulting movement of each micropost
will be greater than that when the ferromagnetic material is



US 9,238,869 B2

9

uniformly distributed or concentrated towards the substrate
end of each micropost. In step 3, the surface layer of cured
ferroelastomer 204 is removed, for example, by being peeled
off. In step 4, fabricated micropost array 206, having micro-
posts containing a plurality of ferromagnetic particles con-
centrated at the distal end of each micropost, is removed from
membrane 200.

Although these embodiments have been described using a
silicon substrate, positive photoresist and photolithography
techniques, a negative photoresist or other lithographic tech-
niques and materials may be employed without departing
from the intended scope of the presently disclosed subject
matter. Further, masks 104 and 110, as well as membrane 200,
may be specifically designed and manufactured to be used
with a multiwell plate, which is described below.

FIG. 3 is a diagram of an exemplary micropost array
according to an embodiment of the subject matter described
herein. A scanning electron microscope image of a micropost
array 114 is shown. Array 114 may be used with a multiwell
microtiter plate, which is explained in detail below. FIG. 3
also depicts possible size and spacing variations for the
microposts of micropost array 114 that may be in a well 300
of'a multiwell plate. FIG. 3 also depicts that the microposts of
an array may vary in size and in proximity with each other on
an array. For example, box 302 illustrates microposts that are
0.6 micrometers in diameter and positioned 1.4 micrometers
apart from one another. Likewise, box 304 illustrates micro-
posts that are also 0.6 micrometers in diameter, but are spaced
2.6 micrometers apart. Box 306 illustrates microposts of 1
micrometer in diameter that are spaced 1.5 micrometers
apart, while box 308 illustrates microposts of 1 micrometer in
diameter spaced 3 micrometers apart. It is understood that the
size and dimensions depicted in FIG. 3 are for exemplary
purposes and do not limit the scope of the present subject
matter.

As mentioned above, one technique for measuring the
physical orrheological properties of a biofluid specimen is by
applying a magnetic force to a micropost that includes mag-
netic material via magnetic fields. For example, a magnetic
micropost of a micropost array such as micropost array 114
may experience a force or torque from magnetic fields and
field gradients. Notably, the magnetic force may act on micro-
posts on which a specimen of interest is placed. As indicated
above, the specimen may be biofluid, such as blood or mucus.
Similarly, the magnetic microposts may be characterized as
having one of several magnetic properties (paramagnetic,
ferromagnetic, diamagnetic, etc.) and some or all of the
microposts in the array may be magnetic. When a magnetic
force is applied to the microposts, the microposts containing
ferromagnetic material move in a way that is characteristic of
the applied magnetic force and the forces that are imposed by
the biofluid specimen. The motion of a micropost as influ-
enced by the magnetic field may then be measured. The
response of the micropost to the magnetic field can also be
used as a measure of the specimen’s mechanical properties,
such as inherent linear and non-linear viscoelastic properties,
and physical properties.

In one embodiment, the present subject matter includes a
standalone device that is adapted to test various properties of
a biofluid specimen. One such embodiment of a standalone
device for testing properties of a biofluid specimen includes a
point of care (POC) handheld device. For example, FIG. 4 is
a block diagram illustrating an exemplary point of care sys-
tem according to an embodiment of the subject matter
described herein. In one embodiment, the present subject
matter may be implemented as a point of care system embod-
ied within a portable device. FIG. 4 depicts a portable device
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400 that includes an actuation system 402, a motion detection
system 404, and a processing unit 406. Device 400 may also
include an ingress port 416, which is adapted to receive an
inserted disposable tab 408. Tab 408 may include an end
portion 410, which comprises a micropost array such as
micropost array 114. The end portion 410 is configured to
receive a small sample size of a biofluid specimen (e.g.,
blood, mucus, synovial fluid, etc.). The microposts, or cilia,
as described above, may include silicone-based pillars or
microposts, some of which may contain a ferromagnetic
material at the distal end (i.e., the end that is not attached to
the substrate base). In one embodiment, the microposts may
be vertically-aligned. The microposts may also be stamped
with a substance such as fibronectin, an extracellular matrix
protein, to attract cells when placed on micropost tips. In one
embodiment, tab 408 may be inserted in port 416 such that
end portion 410 containing the specimen is close enough to
actuation system 402 for a actuation force (e.g., a magnetic
force) generated by actuation system 402 to effect movement
of the microposts.

In one embodiment, actuation system 402 includes a low-
power system (i.e., which may be electrically powered by
either a small battery or manual actuation produced by a small
hand-crank). For example, actuation system 402 may include
a small spinning permanent magnet adapted to generate a
time varying magnetic field. Device 400 may be controlled by
a user to apply the magnetic field to end portion 410 of tab
408, thereby causing motion (e.g., oscillation) of microposts
on the end portion 410. As the microposts are compelled to
move by actuation system 402, motion detection system 404
may measure and record the movement of the microposts on
end portion 410. In one embodiment, motion detection sys-
tem 404 may comprise a magnetic pickup coil that produces
current based on the movement of the microposts in a mag-
netic field. For example, motion detection system 404 may
then be used to measure the amplitude and/or the phase of the
generated current in the magnetic pickup coil. The amplitude
and phase of the generated current corresponds to the motion
of'the microposts. In an alternate embodiment, motion detec-
tion system 404 may instead include an imaging system that
detects movement of the microposts using a camera or other
suitable imaging apparatus. In other implementations,
motion detection system 404 may measure the scattering,
transmission, or reflection of light by the microposts. In such
an implementation, the tips of the microposts that are not
attached to the substrate may be metalized or otherwise
treated with a reflective material to make the microposts
scatter light.

The data produced by motion detection system 404 may be
forwarded to processing unit 406 for calculations and analy-
sis. Alternatively, device 400 may be provisioned with a radio
uplink (not shown) to wirelessly provide the data to a pro-
cessing unit on a separate computer. The calculations and
analysis performed by the processing unit may include deter-
mining a measure of fluid rheology based on the force applied
by actuation system 402 and the resulting motion detected by
motion detection system 404.

FIG. 5 is a block diagram illustrating an exemplary high-
throughput screening system according to an embodiment of
the subject matter described herein. In one implementation,
the actuation and optical system may be similar to that
described in International Patent Application Publication No.
WO 2008/103430, the disclosure of which is incorporated
herein by reference. High-throughput screening system 500
is capable of applying a force and measuring micropost
responses. Generally speaking, system 500 includes a control
and measurement subsystem 502, a multiforce generation
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subsystem 504, a multiforce plate subsystem 506, and an
imaging and tracking optical subsystem 508.

The actuation and motion detection systems for a high-
throughput screening system, i.e. multiforce generation sub-
system 504 and imaging and tracking optics subsystem 508,
may be similar in operation to those described above for the
point of care system. One physical difference between an
actuation system for a high-throughput screening system and
a point of care system is that the actuation system may be
replicated for each well or small group of adjacent wells in a
multiwell microtiter plate. The motion detection system for a
multiwell microtiter plate may include, but is not limited to,
an optical system that measures scattered light to detect
movement of the microposts, an imaging system including a
camera that images each well or group of wells in the micro-
titer plate, or a pick up coil that measures amplitude and phase
of'a current produced by motion the microposts in each well.

In one embodiment, multiforce generation subsystem 504
comprises a magnetic drive block, such as exciter assembly
700, which is shown in FIG. 7A. Subsystem 504 may also
include an appropriate cooling mechanism (not shown) to
dissipate excess heat or to maintain system 500 at a target
temperature. In one embodiment, subsystem 504 is capable of
producing forces of significant magnitude (e.g., forces
greater than 10 nanoNewtons), in multiple directions over a
three dimensional sphere, and can be varied at frequencies up
to more than three kilohertz.

High-throughput screening system 500 also includes a
multiforce plate subsystem 506. Multiforce plate subsystem
506 may comprise a microtiter well plate, such as multiwell
plate 600, shown in FIG. 6, which includes a plurality of
specimen wells 300. The well plate may also be coupled with
a cover glass sheet that serves as the bottom of the well plate.
Multiforce plate subsystem 506 may also include a plurality
of field-forming poles that are used to form a magnetic (or
electric) coupling with excitation poles of multiforce genera-
tion subsystem 504, This is better illustrated in FIG. 7A where
multiforce plate subsystem 506 is represented as multiforce
plate 702.

Control and measurement subsystem 502 may also include
a mechanical properties module 510 that is used to measure
the mechanical properties of the specimen depending on the
measured movement of the microposts. An imaging and
tracking optical system 508 may also be employed to perform
several kinds of measurements, either simultaneously with
the application of force or after the force sequence has been
applied. For example, optical system 508 may include a
single specimen imaging system with a robotic stage that can
systematically position each well 300 over a microscope
objective. Alternatively, optical system 508 may include an
array based system that is capable of imaging several wells
simultaneously. The recorded images may be used to track the
micropost position and the like.

FIG. 6 illustrates an exemplary multiwell plate according
to an embodiment of the subject matter described herein.
Multiwell plate 600 includes a plurality of specimen wells
300. Each specimen well includes microposts from at least a
portion of micropost array 114. In one embodiment, multi-
well plate 600 is a bottomless multiwell microtiter plate. In
such an embodiment, one side of multiwell plate 600 may be
“inked” with uncured micropost material, e.g. PDMS, and
pressed onto micropost array 114, then cured, such that the
PDMS “ink™ acts as glue and adheres multiwell plate 600 to
micropost array 114. FIG. 6 illustrates such an embodiment,
as viewed from above. Although system 500 was initially
designed to be utilized with a standard 96 well plate geometry
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(e.g., a conventional microtiter plate, as shown), system 500
may easily be adapted to accommodate a smaller or larger
number of wells.

FIG.7A is a diagram depicting exemplary separation of the
exciter assembly from the multiforce plate of a multiforce
high-throughput system according to an embodiment of the
subject matter described herein. Referring to FIG. 7A, exciter
assembly 700 may include a plurality of excitation poles 708,
each of which may include a coil 704. Coils 704, which
generate the magnetic field, may include standard wire-
wrapped bobbins or, alternatively, the coils may be patterned
on a multilayer printed circuit board. The latter embodiment
is especially well suited for tight spatial constraints that may
be imposed by high numerical aperture microscopy or
smaller well layouts. Excitation poles 708 may be attached to
a magnetic flux return plate 706. In one embodiment, excita-
tion poles 708 and flux return plate 706 may be made from a
high permeability material, such as soft iron. Multiforce plate
702 includes a plurality of specimen wells 300 that are adja-
cent to field-forming poles 710. Specimen wells 300 may
include specimen chambers of a microtiter microtiter well
plate. In one embodiment, field-forming poles 710 may be
fabricated from thin sheets of magnetic material (e.g., laser
cutting from sheet magnetic material or by electrodeposition
using a photolithography mask) and are responsible for car-
rying the flux delivered by excitation poles 708 to the micro-
posts in specimen well 300.

Notably, field-forming poles 710 may be positioned in
proximity to wells 300. Each well 300 may contain at least a
portion of micropost array 114. In one embodiment, micro-
posts of micropost array 114 may include microposts con-
taining ferromagnetic material that may be magnetized or
ferroelectric material that may be polarized. In a magnetic
application, magnetic microposts can include paramagnetic
or diamagnetic material. In an electrical application, micro-
posts of micropost array 114 can contain polarized, charged
or chargeable particles. FIG. 7A shows that the force is not
activated since excitation poles 708 have not been brought
into proximity or contact with field-forming poles 710 of
multiforce plate 702, (and coils 704 have not been energized).
Notably, in an embodiment where the actuation is caused by
magnetic force, excitation poles 708 and field-forming poles
710 do not need to physically touch; once the excitation pole
is brought into proximity of the field-forming pole, and the
coil is activated, the magnetic circuit is complete, a magnetic
field is generated and the magnetic microposts of micropost
array 714 are actuated.

FIG. 7B is a diagram illustrating a cross-section view of a
multiforce high-throughput screening system according to an
embodiment of the subject matter described herein. FIG. 7B
depicts the different sections of a pole plate comprising a
bonded field-forming pole/cover glass sheet combination.
Cover glass plate 714 (which includes bonded field-forming
poles 710) is further bonded to a bottomless well plate 600
and micropost array 114 to create an assembled multiforce
plate, 702. Each specimen well 300 will contain at least a
portion of microposts from micropost array 114. Exciter
assembly 700 is shown above plate 702. In one embodiment,
optical system 508 may include the placement of a lens in an
illumination aperture 716 of exciter assembly 700.

In one embodiment, the typical operation of system 500
involves the multiforce plate 702 being loaded with speci-
mens, processed, and then engaged with exciter assembly
700. Together, the combined system may be placed above an
inverted microscope objective to measure micropost motion
during the application of force via a magnetic field. Alterna-
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tively, micropost motion may be measured or observed
through change in current in a pick-up coil, as described
above.

In one embodiment, control and measurement subsystem
502 may be designed to be computer controlled and is able to
generate flux from each of coils 704. The control of the
magnetic flux at each coil 704 is achieved by coordinating the
currents in the coils so that the coils generate flux either in a
limited set of nearby specimen wells 300, or generate fields
and forces in every well on multiforce plate 704. Equations to
determine which coils to activate for a given configuration of
activated specimen wells may be solved by standard linear
equations of circuit theory, with known correspondences
between magnetic circuit and electrical circuit quantities.

In addition to applying a magnetic field to a plurality of
specimen wells, the present subject matter is also capable of
selectively powering a single designated well in a multiforce
plate according to one embodiment of the subject matter
described herein. FIG. 8A is a diagram illustrating selectively
exciting a single well of a multiforce plate according to an
embodiment of the subject matter described herein. In FIG.
8A, flux return plate 706 represents a sheet of high perme-
ability magnetic material that serves as a path for the return of
magnetic flux. The cylinders represent coils 704 that are
responsible for generating the flux to be delivered via excita-
tion poles 708. Cover glass plate 714 represents the bottom of
amultiwell plate (e.g., a microtiter plate) which is depicted as
a plurality of specimen wells 300, each of which include at
least a portion of micropost array 114. In one embodiment,
cover glass plate 714 is integrated with thin foil field-forming
poles 710 to form a pole plate. The magnetic drive block or
exciter assembly 700 has a single magnetic flux return plate
706 that is coupled to excitation poles 708 that may be posi-
tioned to contact this layer of field-forming poles 710. In
addition to excitation poles 708 that generate flux (via coils
704), exciter assembly 700 may include flux return posts 712
which are not equipped with coils. Flux return posts 712 are
adapted to complete the magnetic circuit by providing a
return path to flux return plate 706. By providing a return path
for the flux for each separate well, control over individual
wells may be achieved. For example, the fields and forces
applied to a given specimen well are primarily generated by
the current in the coil feeding that particular specimen well.
This is shown in FIG. 8 A where excitation poles 708 and flux
return posts 712 are brought into contact with field-forming
poles 710. Specifically, because excitation pole 708, is
brought into contact with field-forming pole 710, and coil
704, is activated, only magnetic flux 800 is generated. Flux
800 is shown as a line that circles through the current coil
704,, to field-forming pole 710,, across the gap in specimen
well 300,, back up through flux return post 712,, and then
through magnetic flux return plate 706 to complete the mag-
netic circuit. Notably, flux is not present in specimen wells
300, and 300, because coils 704, and 704, are not activated.

In an alternative embodiment, magnetic flux return plate
706 may be replaced by a local return path that serves each
coil 704. This may include a cylindrical cap over each coil
704, with flux routed from one end of coil 704 through field-
forming pole 710 and back through the outer cylinder to the
other end of the coil 704. This implementation may be useful
for isolating each well 300 from all of the other wells and by
allowing maximum flexibility in the experimental methodol-
ogy.

FIG. 8B illustrates the coupling of exciter assembly 700
and assembled multiforce plate 702. Notably, FIG. 8B illus-
trates exciter assembly 700 being brought into magnetic con-
tact with field-forming poles 710 which are integrated with
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specimen wells 300 of multiforce plate 702. In order to gen-
erate the magnetic force, excitation poles 708 need to be
coupled to field-forming poles 710 and coils 704 need to be
energized. More specifically, magnetic flux is generated by
the set of coils 704 that is magnetically coupled to a flux
return path to minimize the magnetic circuit reluctance. For
example, excitation poles 708 carry the flux from coils 704 to
field-forming poles 710 and then back to magnetic flux return
plate 706 (via flux return posts that are described above). In
this way, a magnetic circuit is created that affords relatively
low circuit reluctance and generates significant magnetic
fields and forces at field-forming poles 710. In this configu-
ration, each field-forming pole 710 in the multiforce plate 702
is driven by an excitation pole 708.

The path of the flux 800 is shown as a solid line that closes
on itself linking a coil 704 in exciter assembly 700. In this
configuration, each coil is assigned to one specimen well.
When the coil 704 receives current, flux 800 is generated in
excitation pole 708 and coupled to a corresponding field-
forming pole, thereby applying a force to a magnetic material,
such as a magnetic micropost of micropost array 114, in the
corresponding specimen well 300. Notably, the flux path of
flux 800 is localized to a single specimen well.

In one embodiment, the present subject matter may be used
to apply an electric field to electrically charged particles or
molecules in at least some microposts of specimen well 300.
This may be accomplished by applying an electrical potential
to the excitation pole (instead of applying a magnetic poten-
tial via the coil winding) and coupling it to the field-forming
pole to form an electric field in the specimen well which in
turn causes microposts having polarized or charged particles
to move.

Itshould be noted that FIGS. 7B and 8B show the operation
of the designed system where a schematic cross section of
exciter assembly 700 is located over multiforce plate 702. It
should be noted that FIGS. 7B and 8B are illustrated in
schematic form whose geometry is representative of the rela-
tionship between coils, specimen wells, and flux return path.
The actual design may not have a “cut” cross section as
depicted in FIGS. 7B and 8B. In an alternate embodiment,
exciter assembly 700 may be located below multiforce plate
702, with excitation poles 708 pointing upwards. Addition-
ally, in other embodiments, multiwell plate 600 may first be
attached to micropost array 114, with the combination then
being placed on top of a pole plate.

FIGS. 9A and 9B are diagrams of arrays of exemplary
field-forming poles suitable for use with embodiments of the
subject matter described herein. In one embodiment, “pole
pattern laminates™ are designed to form the bottom of the
multiforce plate. FIGS. 9A and 9B show an exemplary 4x4
array of field-forming poles 710 that may have been etched in
a foil sheet (e.g., permalloy) using a combination of lithog-
raphy and wet chemical etching. The field-forming poles may
bebonded to a cover glass sheet (i.e., to make a pole plate) that
is suitable for high resolution microscopy. This bonded sheet
may then be affixed to the underside of a bottomless multiwell
plate, such as a conventional microtiter plate. FIG. 9A illus-
trates a particular design of a pole plate 900. In one embodi-
ment, pole plate 900 may include a sheet of magnetic permal-
loy foil etched to create “pole-flat” regions in which a sharp
pole tip is located near a flat one to form a high gradient
magnetic field. FIG. 9B shows that the rounded end of a “tear
drop” piece 902 fills one of the wells. The flux from the “tip”
of'piece 902 re-enters the metal film in the opposite flat whose
“wings” 906 cover the other two neighboring wells. A coil
post 708, i.e., an excitation pole, is aligned to couple to the
rounded end of the teardrop shaped piece 902, while two flux
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return posts 712 in the other two neighboring wells are
aligned to couple to wings 906. The high gradient field loca-
tion where the sharp tip opposes the flat one is arranged to be
in the specimen well. When exciter assembly 704 is placed on
top of the multiforce plate, illumination apertures 716 (as
shown in FIG. 10) of exciter assembly 714 align with the
specimen wells.

FIG. 9B also illustrates that when pole plate 900 is bonded
to the bottom of a multiwell plate to form a multiforce plate,
it leaves every fourth well for specimens, with the rest of the
wells used to accommodate excitation poles 708 and flux
return posts 712. Notably, FIG. 9B depicts how the present
subject matter appears from the viewpoint of pole plate 900
overlaid on top of a multiwell plate 600, which in turn is
coupled to an exciter or coil assembly on the opposing side.
As shown in FIG. 9B, the multiwell plate and pole plate
combination may be “conceptually” divided in 2x2 well sec-
tions. Specifically, for each specimen well (e.g., well 300),
one well (e.g., well 908) is used to carry flux from an excita-
tion pole 708, while the two neighboring wells (e.g., wells
912 and 914) are used to return flux to the magnetic flux return
plate. The fact that the return paths from the wells are con-
nected together does not matter within the scope of magnetic
circuits, as this is comparable to having a ground plane in an
electrical circuit.

Multiforce plate 702 may be designed to have field-form-
ing poles 710 to be in contact with or proximity to all of the
wells 300 simultaneously. In one embodiment, field-forming
poles 710 may be separate from exciter assembly 700 for
convenient changing of the field configuration at the speci-
men array. In addition, multiforce plate 702 may be either
incorporated into the specimen array (i.e., multiwell plate) or
be separate. In one embodiment, multiforce plate 702 is incor-
porated into the multiwell plate so that each well 300 has a
number of field-forming poles 710 projecting into the speci-
men well to interact with the microposts of micropost array
114 located in specimen well 300.

Many other field-forming pole configurations may be envi-
sioned in the specimen well. One possible configuration may
include a “pole-pole” geometry which entails two identical
poles that may have large forces near each of them, but due to
symmetry, have low force in the center. Similarly, a “comb”
geometry with multiple sharp tips, each providing force near
its region, has been considered. The “comb” configuration
may provide larger effective “force-area” product allowing
for the application of significant force to more microposts
within the specimen well.

FIG. 10 illustrates an exemplary exciter assembly 700 that
may be used by the present subject matter. Exciter assembly
700 includes coil posts 708, flux return posts 712, and illu-
mination apertures 716. Although FIG. 10 only depicts a 4x4
array embodiment, a full scale exciter assembly may be
manufactured to cover a conventional 384 well multiwell
plate. The exciter assembly would then include 96 illumina-
tion apertures, which are open holes to allow for transmission
microscopy. More specifically, an exciter assembly designed
for a 384 multiwell plate uses three out of four wells for the
magnetic system, leaving 96 wells active for specimens. That
is, for every 4 holes (2x2 array) of the multiwell plate, two are
used for flux return posts 712, one is used for illumination
aperture 716, and one is used for coil post 708.

The cylindrical openings 1000 containing the central coil
posts 708 are used to hold the coils that generate flux (e.g., a
wire may be wrapped around coil post 708 and contained
within cylindrical opening 1000). The flux passes through the
central post 708 and is coupled into the field-forming poles
that are mounted to the pole plate on the bottom of a multi-
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force plate. The flux returns through flux return posts 712 that
enter through the multiforce plate through two wells neigh-
boring the specimen well. In one embodiment, exciter assem-
bly 700 may be machined from soft iron for high permeability
and saturation, and low hysteresis.

FIG. 11 is a flow chart illustrating an exemplary process
1100 for determining physical, chemical, or rheological prop-
erty of a specimen according to an embodiment of the subject
matter described herein. Referring to FIG. 11, in block 1102,
a specimen is placed on microposts of a micropost array, such
as, for example, the microposts in wells 300 of a multiforce
plate, each well containing at least a portion of micropost
array 114. In block 1104, an actuation force is generated in
proximity to the microposts. Continuing with this example,
the multiforce plate is provided with field-forming poles at
positions corresponding to the specimen wells, wherein the
field-forming poles may be used to form fields. In one
embodiment, the field-forming poles are used to form at least
one of an electric or magnetic field in the vicinity of the
field-forming poles. The field-forming poles apply force via
the electric or magnetic field and/or their gradients to the
microposts located in the wells in order to move the micro-
posts and test the physical or rheological properties of the
specimens in the wells.

In block 1106, the effect on the microposts, such as those
within specimen well 300, is measured. In one embodiment,
the exhibited motion of all the microposts is measured, and
may be averaged for use in determining a property of the
specimen. In another embodiment, the movement of one or
more particular microposts or groups of microposts may be
measured and used in calculations.

Inblock 1108, the measured data is processed to determine
at least one of a physical, chemical or rheological property of
the specimen.

It will be understood that various details of the presently
disclosed subject matter may be changed without departing
from the scope of the presently disclosed subject matter.
Furthermore, the foregoing description is for the purpose of
illustration only, and not for the purpose of limitation.

What is claimed is:

1. A method of fabricating a micropost array, comprising:

depositing, into at least some pores of a substrate having a

plurality of pores, a magnetic material;

filling the plurality of pores with a curable material, such

that the curable material interconnects the plurality of

pores along at least one planar surface of the substrate,

wherein the curable material is flexible when cured;
curing the curable material; and

removing the substrate to form the micropost array;

wherein depositing the magnetic material includes depos-

iting the magnetic material only on the sidewalls of the
pores for at least a portion of the depth of the pores.

2. The method of claim 1 wherein the deposited magnetic
material is a single piece of ferromagnetic material.

3. The method of claim 1 wherein the at least some pores
are created using a first mask to photolithographically
develop a first pattern in a first layer of photoresist material
coated on the substrate and etching the at least some pores in
the substrate using the first pattern.

4. The method of claim 1 wherein depositing the magnetic
material includes electrochemically depositing the magnetic
material on the sidewalls of the pores for at least a portion of
the depth of the pores.

5. The method of claim 1 wherein the deposited magnetic
material forms a shell which lines the pores for at least a
portion of the depth of the pores.
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6. The method of claim 5 wherein the shell comprises a
nickel shell.

7. The method of claim 1 wherein the plurality of pores are
vertically-aligned.



